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Available online 24 November 2015Lake Pannon constituted the biggest hotspot of biodiversity in the late Cenozoic of Europe, comprising a total di-
versity of almost 600 gastropod species. The gastropod fauna of this huge brackish system, which existed over
about seven million years from the late Miocene to earliest Pliocene within the Pannonian Basin System, has
been well documented by a great many of taxonomic works. In contrast, the faunal development within the
lake has not been properly addressed from a statistical point of view. The present investigation demonstrates
that species were not homogeneously distributed across space and time, generating uneven and temporally
shifting patterns of species richness and degree of point endemism across the lake. The faunal compositions of
the time intervals analyzed were highly different, contrasting simple species accumulation as suggested by the
overall numbers. Shifting patterns of local diversity within the lake reﬂect changing paleo-shorelines, resulting
from prograding river systems entering and successively diminishing the lake surface area. As mainly herbivo-
rous grazers and predominantly shallow-water inhabitants, the gastropods traced the moving shelf margins
and vegetation belts accordingly, producing the observed diversity shifts. In addition, each time interval is char-
acterized by a high degree of provincialism,which is considered to reﬂect high habitat diversity. This claim is sup-
ported by the complex subaqueous topography and the presence of extensive delta plains produced by the
incoming river systems. A potential driver for provincialism might be the adaptation of species to distinct
water depths (and related parameters). Finally, the notable differences among the faunal compositions of the
upper Pannonian strata and the succeeding lower Viviparus beds, especially regarding family-level, indicate an
environmental turnover at the transition. Brackish-water species are mostly replaced by typical freshwater ele-
ments, indicating strong ﬂuvial inﬂuence. Based on our results and latest stratigraphic data, we conclude that the
Viviparus beds were deposited in a different environment, replacing Lake Pannon in the southern Pannonian
Basin in the early Pliocene.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Since the ﬁrst studies on Neogene European continental aquatic
faunas researchers have been impressed by the incredibly diverse
and morphologically appealing mollusk fauna of the late Miocene
Lake Pannon (e.g., Fuchs, 1870a, b; Gorjanović-Kramberger, 1899,
1923; Brusina, 1902; Lörenthey, 1902; Halaváts, 1903; Pavlović,
1927; Strausz, 1942a, 1942b; Jekelius, 1944; Papp, 1953; Gillet and
Marinescu, 1971; Marinescu, 1973; Fordinál, 1997; Harzhauser
et al., 2002; Harzhauser and Mandic, 2004). The huge brackish lake,
which existed over seven million years in the Pannonian Basin
(Fig. 1), is particularly famous for the endemic evolution of numerous
gastropod and bivalve lineages (e.g., Müller and Magyar, 1992;
Bandel, 2000; Geary et al., 2002, 2010, 2012; Neubauer et al., 2013).
The intralacustrine radiations led to a highly diverse fauna and a high.A. Neubauer).
. This is an open access article underlevel of endemism (Müller et al., 1999; Neubauer et al., 2015a). Extraor-
dinary developments of shell size (Gorjanović-Kramberger, 1923;
Moos, 1944; Geary et al., 2012) and sculpture (Geary et al., 2002,
2010) provide essential insights for the study of evolutionary patterns
in fossil long-lived lakes. Altogether, a total diversity of more than 900
mollusk species has been recorded across the lake's full duration
(Müller et al., 1999; Geary et al., 2000).
Recent investigations on overall European freshwater gastropod di-
versity show that Lake Pannon constituted the biggest species richness
hotspot in the late Cenozoic (Neubauer et al., 2015a, c). However, actual
species compositions and distributions for single time horizons differ
considerably from the overall pattern. The faunistic dissimilarities be-
tween certain periods enabled the introduction of regional biostrati-
graphic schemes for various planktonic and benthic fossil groups and
for different subbasins of the lake (Fig. 2; Papp, 1951, 1953; Papp
et al., 1985; Magyar et al., 1999a, 1999b, 1999c; Geary et al., 2000;
Harzhauser et al., 2004; Kováč et al., 2006; Magyar and Geary, 2012).
The strict paleoecological requirements of many benthic groupsthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Geographic overview of the study area (A) with indication of localities of the investigated time intervals and the maximum extents of Lake Pannon and the lower Viviparus beds
(dashed line) (B). Lake outline reconstructions followMagyar et al. (1999a; Lake Pannon) and Neubauer et al. (2015a; lower Viviparus beds). Major basins andmountain ranges referred
to in the text are marked gray (V. B.—Vienna Basin; Da. B.—Danube Basin; S. E.—Soceni embayment; Tr. B.—Transylvanian Basin; Tr. R.—Transdanubian Range).
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deposits (Magyar and Geary, 2012), which constitutes a challenge for
their precise correlation. In addition, stratigraphic correlations are ham-
pered by the strong diachrony of the lithostratigraphic formations as in-
dicated by seismic sections, which is owed to the continuous
progradation of the paleo-Danube from the northwestern to southeast-
ern part of the basin (Magyar et al., 1999b; Magyar et al., 2013; Sztanó
et al., 2013a). Particular faunas or individual species are often conﬁned
to speciﬁc sedimentary facies and share their time-transgressive nature.
Stratigraphic schemes based on regional faunal successions do not nec-
essarily correlate with developments outside. For instance, the typical
letter-zones A–Hdeﬁned by Papp (1951) based onmolluskmarker spe-
cies are conﬁned to the Vienna Basin and are not applicable to the entire
Pannonian interval (Harzhauser et al., 2004, 2011; Fig. 2). Moreover,
due to the retreat of Lake Pannon, the zones F–H refer to alluvial de-
posits outside the actual lake.B
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Fig. 2. Stratigraphic chart showing the investigated time bins in relation to chronostratigraph
Horváth (2002), Harzhauser et al. (2004), Gradstein et al. (2012), Magyar and Geary (2012), S
Pannonian/Pontian subdivision follow Papp et al. (1985) and Stevanović et al. (1990). Genus aCurrent stratigraphic schemes for Lake Pannon are calibrated to the
Geological Time Scale through mammal biostratigraphy (Harzhauser
and Tempfer, 2004; Nargolwalla et al., 2006; Harzhauser et al., 2011;
Magyar and Geary, 2012), magnetostratigraphy (Magyar et al., 1999c;
Ganić et al., 2010; ter Borgh et al., 2013) and radiometric age datings
(Vass et al., 1987; Pécskay et al., 1994; Balogh and Németh, 2005;
Vasiliev et al., 2010; Kovács et al., 2013; Sztanó et al., 2013b). Although
the magnetostratigraphic and radiometric studies constantly improve
the correlations, the history and duration of the late Pannonian interval
are still matters of vivid debates (Sacchi et al., 1997, 1999a, b; Magyar
et al., 1999a; Sacchi and Horváth, 2002; Juhász et al., 2007).
Despite the great number of taxonomic, evolutionary, paleoeco-
logical and biostratigraphic studies and overviews, a statistics-based
account of the faunal changes throughout the lifetime of this huge sys-
tem is still missing. The present paper provides the ﬁrst quantitative
analysis of the varied gastropod distributions through time andVolhynian
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in a spatial and temporal context. Faunal turnovers and spatial variation
are discussed in a paleoenvironmental framework. In order to shed light
on the terminal phase of thehotspot Lake Pannon,we investigate the re-
lationships of the Pannonian fauna with that of the succeeding lower
Viviparus beds.
2. Material and methods
2.1. Data setup and stratigraphic subdivision
Data for the Lake Pannon gastropod fauna is based on extensive lit-
erature research, covering the species compositions of 506 localities in
9 countries (Fig. 1; Table S1). Data were not uncritically implemented
but checked to improve their quality. Records indicated as doubtful in
faunal lists and obviousmisidentiﬁcationswere excluded. Likewise, tax-
onomic history and changes to faunal lists based on revisions of earlier
works were considered. Generic attribution of the involved species
was updated according to the latest published concepts (Neubauer
et al., 2014). In order to provide a reliable estimate of endemism, a
dataset of ca. 200 Neogene and over 1,100 recent lake faunas was eval-
uated (Neubauer et al., 2015a, c; Georgopoulou et al., unpublished data).
To some extent, the data may be biased by misidentiﬁcations, which is
inevitable in such analyses.
In order to compare the main stages in the faunal evolution of Lake
Pannon, faunas were divided into three time intervals, corresponding
to regional substages: Phase 1 (Slavonian and Serbian sensu Neubauer
et al., 2015a; Pannonian sensu Stevanović et al., 1990), Phase 2
(Transdanubian sensu Sacchi and Horváth, 2002; lower Pontian,
Novorossian or Odessian sensu Stevanović et al., 1990; Congeria
praerhomboidea Zone sensu Magyar and Geary, 2012), and Phase 3
(Portaferrian or upper Pontian sensu Stevanović et al., 1990; Congeria
rhomboidea Zone sensuMagyar andGeary, 2012) (Fig. 2). Age classiﬁca-
tions of the respective localities are based on latest stratigraphic attribu-
tions as summarized inNeubauer et al. (2015b). Theonly emendation to
that synopsis concerns localities around the Transdanubian Range at-
tributed to the so-called Congeria balatonica beds (Strausz, 1942a).
This marker species, which is found at Tihany in Hungary, has been
erroneously correlated to the “late Pontian” by Strausz (1942a), Papp
(1951, 1953) and Müller and Szónoky (1990). Recent stratigraphic
revisions based on tephra dating indicate an older absolute age for
Tihany and the C. balatonica beds, correlating the deposits with the
Lymnocardium decorum Zone (8.0–8.3 Ma; Sztanó et al., 2013b), which
largely matches the C. praerhomboidea Zone and thus Phase 2.
Given the aforementioned difﬁculties regarding stratigraphic corre-
lations, some degree of uncertainty and slight overlaps between the
stages are inevitable. Nevertheless, this subdivision proved reliable for
the bigger part of the data and most localities could be unambiguously
assigned to one of these subunits. Localities spanning large temporal
frames across unit boundaries were excluded prior to the analysis. A
more detailed breakdown was not feasible because of uncertainties in
the exact dating of many localities and the long temporal ranges of the
species involved. Note, however, that the present paper does not aim
at a revision of the stratigraphic framework; consequently, we refrain
from giving exact dates for the interval boundaries. The approximate
positions in relation to previous stratigraphic classiﬁcations are shown
in Fig. 2.
Lake outlines for the single time intervals weremodeled in Google™
Earth 7 and ESRI®ArcGIS™ 10.0, basically following the reconstructions
byMagyar et al. (1999a) and Neubauer et al. (2015a). In some areas the
outlines had to be amended to include all localities attributed to the re-
spective stratigraphical interval, e.g., regarding the abovementioned lo-
calities of the Transdanubian Range. Because of the continuously
changing shoreline of Lake Pannon over geological time (Magyar et al.,
2013), the reconstructions are only intended as approximations of the
maximum extent during the respective period. Nevertheless, to obtainbest possible estimates for original lake surface areas, known islands
were considered and their areas subtracted.
A critical and momentarily poorly resolved issue concerns the ﬁnal
phase of Lake Pannon, particularly regarding the transition of the late
Phase 3 (late Portaferrian) into the succeeding early Pliocene Viviparus
beds (former “Paludina beds”; equals the Cernikian regional stage
sensu Mandic et al., 2015). Following interpretations of Stevanović
(1990), Magyar et al. (1999a) concluded that the Viviparus beds,
which are characterized by a different fauna indicating fully freshwater
conditions, represent the latest stage of Lake Pannon. Based on the
strongly different gastropod fauna, Harzhauser and Mandic (2008)
treated it as a separate environment and termed it Lake Slavonia. For
means of comparison, all available data on the early fauna of the sup-
posed successor Lake Slavoniawas collected, including 42 species deriv-
ing from 12 localities in northern Croatia to northern Serbia (Table S2).
Stratigraphic attribution of these localities and respective faunas largely
follows Neumayr and Paul (1875) and Penecke (1884).
2.2. Spatiotemporal analyses
Species richness and point endemism maps were created for indi-
vidual time intervals using ESRI® ArcMap™ 10.0. To avoid overestima-
tions of richness and degree of endemism inwell-studied regions, a grid
of 0.5° edge length was created in a WGS 1984 coordinate system
(Table S3). The number of species and the percentage of point ende-
mismwere calculated for each cell containing samples. Point endemism
is here regarded as the percentage of species conﬁned to a single grid
cell and is entirely unrelated to a species' status as endemic to the lake
or not. To avoid potential bias from low diversity, grid cells with less
than six species were excluded for the point endemism maps. An In-
verse Distance Weighting algorithm with 0.5° cell size was performed
on the grid-speciﬁc species richness and percentage of point endemism,
respectively, for each phase separately. The coloration gradientwas cre-
ated with the geometric interval function suited for non-normal data
distribution; the gradient is equal across each column of maps. The
maps have to be interpreted carefully, since the interpolation method
tends to exaggerate actual richness toward the margins. Moreover, in-
terpolations across areas devoid of data suggest continual transi-
tions of species richness or point endemism rates, which barely
reﬂect real patterns. The maps are instead intended as graphical vi-
sualizations supporting intuitive recognition of underlying pat-
terns. The fauna of the lower Viviparus beds is based on too few
data points and the grid resolution is too coarse compared to the re-
duced size of the environment to reliably analyze the spatial pat-
terns of this interval.
Variation in species composition per phase was assessed using
non-metric Multidimensional Scaling (nMDS), based on a Jaccard
dissimilarity matrix (Jaccard, 1912) calculated for the grid-based
species presence-absences. Species occurring in only one grid cell
as well as grid cells with only one species were excluded from the
analysis. Latitude and longitude of the grid centroids were ﬁtted as
smooth surfaces to the ordination structure using a generalized addi-
tive model (Oksanen et al., 2015), in order to test for eventual
correlation.
Differences of species compositions among the phases, including the
lower Viviparus beds, were evaluated using the Beta-Jaccard (βjac) dis-
similarity measure for pairwise comparisons (Baselga, 2012). To differ-
entiate between species loss and replacement, we also calculated the
index components for turnover (βjtu) and nestedness (βjne). Such a
breakdown provides turnover rates that are unbiased from richness dif-
ferences (Baselga, 2012; Legendre, 2014), which are substantial in our
dataset. In order to approximate past biodiversity as reliably as possible,
the presence–absence matrix was based on a range-through assump-
tion, i.e., that all taxa are supposed to have been continuously existing
from their ﬁrst to last appearance (Hammer and Harper, 2006). Differ-
ences among family compositions were evaluated with a Bray–Curtis
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(using percentage values).
To assess whether species richness is determined by lake size, we
performed an ordinary least-square regression analysis between
richness and lake surface area, based on the existing dataset ana-
lyzed by Neubauer et al. (2015c). For the present analysis, we ex-
cluded faunas with less than eleven species and used the revised
faunal and area data for Lake Pannon and the lower Viviparus beds.
The ﬁnal dataset includes 20 lakes, which were partly subdivided
into shorter time intervals (see Neubauer et al., 2015c; Table S4).
2.3. Species distribution area
To investigate whether species distribution within the lake de-
pends on shell size, e.g., reﬂecting different dispersal strategies or
success or a bias from size-selective sampling, we performed linear
ordinary least-squares regressions between the areas species occu-
pied in the lake and shell size for each phase. Each species' distribu-
tion area was calculated in ArcGIS using the Minimum Bounding
Geometry tool. For polygons based on two points only (i.e., a line),
the algorithm creates a very thin rectangle, which can be used as ap-
proximation of the distribution area. Polygons were clipped based on
the lake outline of the respective interval to correct for interpolated
areas extending beyond the lake. Distribution area is given in percent
of the total lake surface area of the respective time interval (see
Table 1).
Size information was gathered for as many species as possible
(Table S1). To avoid biases from misidentiﬁcations, size was largely
taken from original descriptions. Where the original description was
unavailable to us or does not contain the required information, size
was gathered from other sources that were considered taxonomically
reliable. We had to exclude nine species from the analyses, for which
no size information was available to us, corresponding to 1.6% of the
total number of gastropod species recorded for Lake Pannon. Shell size
was captured as maximum height and maximum width as found in
the literature to exclude immature specimens. To obtain a single value
for the statistical analyses, we introduced the quantity S, calculated as
the square root of height times width (Huang et al., 2015). This single
measure facilitates the comparison between dissimilar morphologies
such as planispiral planorbids versus turriform hydrobiids.
Since dispersal mechanisms vary across gastropod families
(e.g., Kappes and Haase, 2012), we tested for differences in species
distribution area across the three phases in relation to family afﬁlia-
tion. Normality of species distribution areas of the seven most di-
verse families was tested with the Shapiro–Wilk test. Given the
absence of normality in all cases, we compared the statistical distribu-
tions of species distribution areas per family among phases applying
Tukey and Kramer (Nemenyi) post-hoc tests with Tukey-distribution
approximation for independent samples. That non-parametric test is
superior to ANOVA for cases where assumption of normal distribution
is severely violated (Pohlert, 2015). It is an extension of the Kruskal–
Wallis test for pairwise multiple comparisons and allows unequal
sample sizes (Pohlert, 2015).
Statistical analyses were computed in R 3.1.3 (R Core Team, 2015)
using packages betapart v. 1.3 (Baselga et al., 2013), PMCMR v. 1.2
(Pohlert, 2015) and vegan v. 2.2-1 (Oksanen et al., 2015).Table 1
Diversity measures for the three Pannonian time intervals and the following lower Viviparus b
Interval No. of
species
No. of point
endemics
No. of
genera
No. of
families
Phase 1 365 170 48 14
Phase 2 231 96 46 14
Phase 3 216 120 44 12
Lower Viviparus beds 42 – 13 93. Results
3.1. Spatiotemporal patterns of species richness
A total of 579 gastropod species belonging to 69 genera and 19 fam-
ilies is recorded for Lake Pannon, ofwhich 432 (74.6%) are endemic. This
number contrasts the 605 species given by an earlier investigation
(Neubauer et al., 2015a), which included also the middle Pannonian
wetland faunas of the Vienna Basin (see, e.g., Harzhauser and Binder,
2004; Harzhauser et al., 2011). Because gastropods in Lake Pannon are
unequally distributed across both space and time, the overall number
does not represent a synchronous diversity but is the sum of all species
that ever existed in the lake. When separated into the three discrete
units (phases), the inﬂuence of such time averaging is limited (though
certainly not fully excluded). Total number of species is highest in the
earliest interval and successively decreases with time (Table 1; Fig. 3).
Especially the transition to the Viviparus beds is marked by a severe de-
cline of total diversity; the number of species decreased to 19.4% of the
diversity of Phase 3. 42 species are reported for the lowerViviparus beds,
with 15 of them (35.7%) being endemic.
The regression analyses indicate a positive relationship between
species richness and lake surface area (Fig. 4). Phase 1, corresponding
to the lake's maximum extent, attains highest richness. The regression
still underestimates Pannonian biodiversity in relation to lake surface
area, likely due to the extensive time bins (with respect to faunistic
alteration) we used for the analyses. Higher temporal resolution might
reduce outliers and improve the relationship.
Also the spatial analysis of gastropod species richness revealed
strong differences between the single time intervals (Fig. 3, left col-
umn). Four regions of particularly high species richness can be deﬁned
for Phase 1, corresponding to the southern Vienna Basin and western
Danube Basin (max. 115 species per grid cell; see also Fig. 1 for more
geographical information), the Belgrade area (126 spp.), the Soceni
embayment in southwestern Romania (95 spp.) and the Zagreb area
(89 spp.). The central Pannonian Basin and the Transylvanian Basin, in
contrast, are regions characterized by lowdiversity. In Phase 2, biodiver-
sity concentrates around the Transdanubian Range (111 spp.). Addi-
tionally, smaller local hotspots evolve in the Budapest area (70 spp.)
and near the eastern lake margin (59 spp.). The rather high values
(yellow colors in Fig. 3) in between must not be overestimated as they
are a result of interpolation in areas largely devoid of data. Contrary to
Phase 1, species richness of Phase 2 in the southern lake portion is ex-
tremely poor. In Phase 3, the biggest hotspot is located southeast of
the Transdanubian Range (71 spp.). Biodiversity in the southern lake
portion recovers, with two main richness centers present in the Zagreb
area (55 spp.) and the Belgrade area (52 spp.), while the northeastern
lake portion is low diverse.
3.2. Spatiotemporal patterns of species composition and point endemism
Species composition differs signiﬁcantly between the time intervals,
as is indicated by high overall beta diversity (βjac) values of 0.62 to 0.918
for successive timebins (Table 2).Most of thedifferences are due to spe-
cies replacement (βjtu), while species loss (βjne) accounts for minor per-
centages. This is also supported by the high number of ﬁrst and last
occurrences per interval indicating high turnover rates (Table 1).eds.
Range-through
diversity
No. of ﬁrst
occurrences
No. of last
occurrences
Lake surface area
[km2]
365 – 242 233,485.79
244 121 116 141,156.80
221 93 201 132,272.95
42 22 – 25,635.65
Fig. 3. Heat maps for the three phases, using a grid of 0.5° edge length in a WGS 1984 coordinate system (see online version for colored images). Interpolation surfaces are based on the
Inverse DistanceWeighting algorithmwith 0.5° cell size and variable interpolation radius performed on grid-speciﬁc species richness (left column) and degree of point endemism (right
column), respectively. The coloration gradient was createdwith the geometric interval function suited for non-normal data distribution; the gradient is equal across each column ofmaps.
Maximum species richness is recorded for Phase 1 from the Belgrade area (126 spp.); maximum point endemism is detected for Phase 3 from the region NW of Belgrade (57.7%). Lake
outline reconstructions basically follow Magyar et al. (1999a) with emendations where necessary to include all localities of the respective time interval. Major river systems referred to
in the text are indicated with white arrows (data from Magyar et al., 2013 and Sztanó et al., 2013a). The underlying digital height model derives from Hijmans et al. (2005) and is freely
available online (http://www.worldclim.org/).
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beds are highly different (βjac = 0.918). Only 20 of the 221 species
(9.0%) of Phase 3 (with range-through diversity) are found also in the
lower Viviparus beds. In this case, a considerable portion of the dissimi-
larity is owed to species loss (βjne=0.23), while species replacement is
not much higher than in previous intervals (βjtu = 0.688). BetweenTable 2
Beta-Jaccard diversities between the three Pannonian phases and the lower Viviparus
beds, including overall beta diversity (βjac) and the turnover (βjtu) and nestedness
components (βjne). The underlying presence-absence matrix is based on a range-through
assumption.
βjac Phase 2 Phase 3 Viviparus beds
Phase 1 0.747 0.860 0.993
Phase 2 0.620 0.964
Phase 3 0.918
βjtu Phase 2 Phase 3 Viviparus beds
Phase 1 0.663 0.805 0.963
Phase 2 0.592 0.865
Phase 3 0.688
βjne Phase 2 Phase 3 Viviparus beds
Phase 1 0.084 0.055 0.030
Phase 2 0.028 0.099
Phase 3 0.230
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Fig. 5. Proportion of lake area occupied by gastropod species per time interval. Area is
given in percent of total lake surface area of the respective time interval (see Table 1).
Data is based on localities, not grid cells. The curves are scaled for the number of species
in order to evaluate the percentage of wide-spread species vs. local endemics compared
across time intervals. Note that all three phases comprise a similar percentage of locally
conﬁned species, whereas the remaining species are distinctly wider spread in Phase 1
than in phases 2 and 3, which exhibit a very similar trend.
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even higher, implying a continuous faunal alteration (Table 2).
Furthermore, species are not homogenously distributed across the
lake. In all three intervals a similar percentage of species are locally con-
ﬁned; between 57.5% (Phase 1) and 62.1% (Phase 3) of the species occur
on an area smaller than 1% of the total lake surface area (Fig. 5;
Table S5). However, the remaining species cover considerably larger
parts of the total lake area in Phase 1 than in phases 2 and 3, which
share a similar pattern. Vector ﬁttings on nMDS ordination structures
for the grid-based species occurrences per time interval yielded strong
correlations between ordination structure and latitude and partly longi-
tude (Fig. 6). The variance of community composition explained by lat-
itudinal variation is lowest in Phase 1 (r2adj = 0.152, p = 0.024)
compared to later intervals (Phase 2: r2adj = 0.503, p = 0.001; Phase
3: r2adj = 0.465, p b 0.001). Vector ﬁttingwith longitude was signiﬁcant
for Phase 1 (r2adj = 0.129, p = 0.031) and Phase 2 (r2adj = 0.533, p =
0.004).
Compositional variation across geography is corroborated by the
maps in Fig. 3 indicating shifts of point endemism over time. For
Phase 1, 170 out of 365 species are conﬁned to single grid cells
(46.6%) (Table 1). Slightly lower percentage values are recorded for
Phase 2 (96 of 231, 41.9%),while Phase 3 accommodated thehighest de-
gree of point endemics (120 of 216, 55.6%). Gastropod distribution, and
hence spatial community variation, seems to be independent of shell
size; only for Phase 1, a signiﬁcant but minor relationship between spe-
cies distribution area and shell sizewas detected (r2= 0.034, p b 0.001;
Fig. 7). Species distribution areas vary considerably among gastropod
families, whereas all of them show signiﬁcant differences among the
phases, partly involving marked shifts of the average size range (Fig. 8,
Table S6).
3.3. Family composition
The Bray–Curtis distance matrix revealed strong differences be-
tween the family structure of the Pannonian phases and the Viviparus
beds (Table 3), while within-Pannonian comparison showed low dis-
tance values. The faunas of the Pannonian intervals are all characterized
by abundant Hydrobiidae, Melanopsidae, Planorbidae and Lymnaeidae,
making up 31.8%, 18.3%, 15.9% and 9.8%, respectively, if summarized forthe entire Pannonian. This composition deviates considerably from
the melanopsid-viviparid-hydrobiid dominated fauna of the lower
Viviparus beds, which account for 33.3%, 16.7% and 14.3% of its diversity,
respectively. Other families typical for Lake Pannon are less abundant
(e.g., Planorbidae) or absent (e.g., Lymnaeidae). For details about the
entire Viviparus beds fauna see Neubauer et al. (2015a).
4. Discussion
Lake Pannon constituted by far the biggest lacustrine species
richness hotspot of Europe ever. The level of endemism (74.6%) is
among the highest known for lacustrine gastropod faunas, compara-
ble to other long-lived lakes, such as the modern Lake Ohrid (73.5%;
Hauffe et al., 2011), Lake Baikal (78%; Sitnikova, 2006), Lake Tangan-
yika (62%; Wilson et al., 2004) or the Pliocene Lake Metohia (73.7%;
Neubauer et al., 2015a). As for these systems, the high diversity and
rate of endemism of the Lake Pannon gastropod fauna is owed to a
series of autochthonous intralacustrine radiations, particularly
among the families Melanopsidae (Geary, 1990, 1992; Bandel,
2000; Geary et al., 2002, 2012; Neubauer et al., 2013), Hydrobiidae
(Geary et al., 2000; Harzhauser and Mandic, 2008) and Lymnaeidae
(Gorjanović-Kramberger, 1901, 1923; Moos, 1944). While the lake's
total mollusk fauna and its biogeographic relationships with other
coeval faunas are well understood (Müller et al., 1999; Geary et al.,
2000; Harzhauser andMandic, 2008; Neubauer et al., 2015a), studies
on the temporal and spatial variation of local species richness pat-
terns and community composition within the lake have not been
carried out so far. Such studies are essential to understand the effects
of environmental changes on evolutionary processes on a larger
scale.
4.1. Patterns of species richness
The uneven, shifting distribution of local richness hotspots reﬂects
the changing paleoenvironment. This is particularly true for the
hotspots at the northwestern lake margin shifting toward southeast
over time. From about 10 Ma onwards the shelf-margin slope of the
paleo-Danube delta constantly prograded from the Danube Basin, cov-
ering parts of today's southwestern Slovak Republic and northwestern
Hungary, to the southeast (Magyar et al., 2013). Together with the
paleo-Tisza, entering the Pannonian Basin from the north, the river sys-
tem successively ﬁlled up the entire basin with sediment and strongly
diminished the lake. Between 9.0 and 8.8 Ma the moving delta plains
of the paleo-Danube system crossed the nowadays elevated
Transdanubian Range (Magyar et al., 2013), facilitating extensive
shallow-water environments. This timeframe coincides with early
Phase 2 and the presence of the richness hotspot around that mountain
range (Fig. 3). Likewise, the northwestern hotspot in Phase 3 matches
with the position of the paleo-Danube entering the lake during the ear-
lier part of that interval.
A similar albeit regionallymore conﬁned situation is reported for the
southeastern lake portion. The hotspot at Soceni may also reﬂect an in-
coming river, given the high individual abundance of Theodoxus species
(Jekelius, 1944), which are typical of lotic environments (Glöer, 2002;
Welter-Schultes, 2012). For the southern and eastern lake regions no in-
formation on river systems is available, but each local hotspot is situated
near the lake margin reﬂecting shallow water settings.
Freshwater gastropods largely feed on algae, plant detritus or plank-
ton (Glöer, 2002) and are, with a few exceptions such as the deep-water
Valencienniinae (Harzhauser and Mandic, 2008), conﬁned to shallow
water environments. Hence, the gastropods of Lake Pannon traced the
moving shelf margins and vegetation belts accordingly, producing the
observed shifting diversity. In this respect, the color maps in Fig. 3
very roughly approximate depth maps with high richness values in-
dicating shallow water areas and low values pointing to deep water
settings.
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systems, supplying freshwater to the otherwise brackish lake, which
attained a salinity of c. 5–15‰ in deep subbasins (Magyar and Geary,
2012).With increasing freshwater inﬂuence, increased habitat diversityTable 3
Bray–Curtis distances between the three Pannonian phases and the lower Viviparus beds
based on relative family abundances.
Phase 2 Phase 3 Viviparus beds
Phase 1 0.221 0.236 0.440
Phase 2 0.162 0.430
Phase 3 0.462and nutrient supply can be expected, facilitating the settlement of fur-
ther species. Additionally, local faunal mixing resulting from ﬂuvial
transport of species living more upstream might additionally have in-
creased species numbers in some cases. The low diversity in the south-
ern lake portion during Phase 2 might be linked to predominant deep
water settings (Saftić et al., 2003; Paradacna abichi beds in Papp et al.,
1985). No considerable sedimentary input has been noted in that region
(Sztanó et al., 2013a), suggesting an absence of major rivers entering
the lake and supposedly a lower habitat diversity.
4.1.1. The species–area relationship
The declining overall species diversity over time parallels the
retreating size of Lake Pannon. The species–area relationship is a fun-
damental rule in biogeography and especially applicable to islands
(e.g., MacArthur and Wilson, 1967; Lomolino, 2000; Losos and
Schluter, 2000; Whittaker and Fernández-Palacios, 2007; Franzén
et al., 2012; Matthews et al., 2014, 2015; Wilber et al., 2015). Lakes
are commonly referred to as “evolutionary islands” for their exceptional
biogeographic and evolutionary relationships (Browne, 1981; Arnott
et al., 2006;Wesselingh, 2007). The applicability of the species–area re-
lationship to fossil European lacustrine gastropod faunas has been pre-
viously shown byNeubauer et al. (2015a, c), including Lake Pannon and
Lake Slavonia as separate and internally undifferentiated systems. The
present analysis, separating the Pannonian fauna into discrete phases
and using revised data for other long-lived systems such as Lake Dacia
and Lake Metohia, demonstrates a strong species–area relationship
(Fig. 4). This careful re-assessment of previously lumped biodiversity
reduces outliers (such as the total Lake Pannon fauna) and results in a
signiﬁcantly stronger relationship as shown before (Neubauer et al.,
2015c). Hence, surface area is a fairly accurate predictor for lacustrine
biodiversity, particularly for long-lived lakes where an equilibrium
between immigrations/originations and extinctions/extirpations might
be easier reached than in short-lived counterparts (compare Eadie
et al., 1986; Losos and Schluter, 2000; Rabosky and Glor, 2010;
Matthews et al., 2014, 2015; Wagner et al., 2014). In our case, origina-
tions likely prevail over immigrations, given the overall high degree of
endemism of the Pannonian fauna.
4.2. Spatial community variation and shifting point endemism
The point endemismmaps (Fig. 3), the plot showing the proportions
of lake area occupied per species (Fig. 5) and the vector ﬁttings on the
nMDS ordination structures (Fig. 6) indicate high spatial community
variation for each phase, partly reﬂected as latitudinal and, to a smaller
extent, longitudinal differences. The variance of composition explained
by space increases from Phase 1 to Phase 2, reﬂecting a shift toward
more homogenous distribution of species and thus decreasing provin-
cialism. This parallels a major reduction of the lake, which shrinks to
60% of its former extent. From Phase 2 to Phase 3, variance explained
by space decreases, with only latitude showing a signiﬁcant inﬂuence.
This shift corresponds to again rising provincialism, which is under-
pinned by an increase of the degree of point endemism, gaining itsmax-
imum in Phase 3 (Fig. 3). Mind that point endemism is not at all related
to lake endemism—many species endemic to Lake Pannon are not con-
ﬁned to single localities or small regions but are wide-spread across the
lake and occasionally form high local abundances (e.g., Jekelius, 1944;
Papp, 1953; Harzhauser et al., 2002).
A series of abiotic and biotic factors have been recognized to affect
gastropod distribution within lakes, such as habitat diversity, water
depth, water quality, chemistry, productivity, lake isolation, compe-
tition, predation and species colonization capability (e.g., Aho, 1978;
Browne, 1981; Lewis and Magnuson, 2000; Genner and Michel, 2003;
Nanami et al., 2005; Sitnikova, 2006; Turner and Montgomery, 2009;
Covich, 2010; Solomon et al., 2010; Hauffe et al., 2011, 2015; Schreiber
et al., 2012; Hubert et al., 2015). The distributions of species often
coincide with habitat boundaries, reﬂecting their adaptation to the
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logical and functionally morphological demands (e.g., Michel et al.,
1992; Rosenzweig, 1995; Oertli et al., 2002; Genner and Michel, 2003;
Schreiber et al., 2012; Hauffe et al., 2015). Therefore, habitat barriers
strongly constrain active dispersal, which in turn promotes isolation
and intralacustrine speciation (Michel et al., 1992; Martens, 1997).
Recent investigations on community variation invoke three main
processes to shape community structure over time, i.e., dispersal limita-
tion, environmentalﬁltering and species interaction (Hauffe et al., 2015;
Hubert et al., 2015). Of these, dispersal limitations proved to be themost
important mechanism for gastropod community structure of modern
long-lived Lake Ohrid (Hauffe et al., 2011, 2015; Schreiber et al.,
2012). In that case, dispersal limitations largely correspond to eco-
zone boundaries, reﬂecting differences in habitat type and depth
range. Similarly, extant gastropod distribution in Lake Baikal is strongly
related to depth ranges (Sitnikova, 2006). Although we cannot test for
the inﬂuence of dispersal limitation on community variation in Lake
Pannon, wemay hypothesize a comparable inﬂuence as for themodern
long-lived counterparts.
Similarly to the situation in Lake Ohrid, we envisage high habitat
diversity and a clear eco-zonation in Lake Pannon, which impeded dis-
persal and promoted a high degree of provincialism over the extensive
timeframe of seven million years. Already in early stages, Lake Pannon
covered a highly differentiated basin topography, with a water depth
of up to 1000 m (Magyar et al., 1999a; Magyar and Geary, 2012;
Sztanó et al., 2013a). Together with the presence of extensive delta
plains from incoming river systems (Fig. 3), this promoted considerable
habitat diversity across the lake throughout its existence. In addition to
horizontal habitat diversity, vertical zonation is indicated by the
presence of a depth-adapted mollusk fauna comparable to Lake Ohrid,
with several groups being strictly conﬁned to certain lake zones
(e.g., Müller et al., 1999; Harzhauser and Mandic, 2004, 2008; Cziczer
et al., 2009; Magyar and Geary, 2012). For instance, the large-sized dis-
coid Valencienniinae (Lymnaeidae) are interpreted as dwellers of sub-
littoral to deep water environments (Müller et al., 1999; Harzhauser
and Mandic, 2008). Adaptation to varied oxygen availability has been
suggested as a main driver for the vertical faunal zonation by previous
studies (Magyar et al., 2006; Harzhauser et al., 2007, 2008, 2013). The
changing degree of provincialism over time is likely a result of shifting
habitat diversity and habitat barriers, especially in relation to changing
water depths, as induced by frequent minor and major lake level shifts
and the overall constant retreat of the lake (Magyar et al., 1999a,
2013; Juhász et al., 2007; Sztanó et al., 2013a). Differences in species dis-
tribution areas, whichmay at least partly reﬂect differences in dispersal
limitations, seem to be independent of shell size (Fig. 7) and phyloge-
netic afﬁliation (Fig. 8), both of which inﬂuence dispersal strategies
and velocity (compare Van Damme and Van Bocxlaer, 2009; Kappes
and Haase, 2012; van Leeuwen and van der Velde, 2012; van Leeuwen
et al., 2012a, 2012b, 2013).
Unfortunately, we lack data on environmental parameters to sup-
port these hypotheses. To assess this issue in a more detailed manner,
environmental data and species abundances are required, both of
which are scarcely available at present. Likewise, estimating depth
ranges is often hampered by local transport and lumping of death as-
semblages via currents or storm events (e.g., Harzhauser and Mandic,
2004). Reconstruction of biotic relationships such as predation and
competition among the gastropods is hardly feasible. We are aware of
only a single study indicating predation pressure on a Lake Pannon
melanopsid species lineage (Geary et al., 2002). To some extent the
observed spatiotemporal patterns are certainly affected by sampling
unevenness, which is biased toward shallow-water deposits and large
species (e.g., Cooper et al., 2006), and time averaging, resulting from
using too broad timeframes in ecological and evolutionary terms
(e.g., single species vs. species lineages). Nevertheless, diversity
varies even among well-sampled regions (compare Figs. 1, 3), mak-
ing a major bias unlikely. The lacking relationship between speciesdistribution area and shell size suggests a minor impact from size-
selective sampling on the observed patterns.
4.3. Lake Slavonia
In the terminal phase of Lake Pannon, near the Miocene–Pliocene
boundary (late Phase 3), strongly decreased subsidence and therefore
limited accommodation space resulted in a massive reduction of lake
size (Saftić et al., 2003; Sztanó et al., 2013a), restricting the lake to east-
ern Croatia and northern Serbia (Magyar et al., 1999a). For a long time,
the Viviparus beds have been considered to represent the ﬁnal, dimin-
ished stage of Lake Pannon (Magyar et al., 1999a). However, based on
the faunal differences, Harzhauser and Mandic (2008) suggested that
the Viviparus beds belong to a different environment, which replaced
Lake Pannon in the southern Pannonian Basin in the early Pliocene
(Fig. 1). A recent investigation on the stratigraphy of the Viviparus
beds indicates that they were probably deposited after the phase of
Lake Pannon's reduction (Mandic et al., 2015). Increased riverine
input during the deposition of the lower Viviparus beds together with
the onset of subsidence during that time (Saftić et al., 2003), caused a
freshening and slightly expanding lake, extendingwestwards to central
Croatia (Fig. 1; Mandic et al., 2015).
Our analyses, based on a complete and revised dataset of the lower
Viviparus beds fauna, corroborate the hypothesis by Harzhauser and
Mandic (2008) and Mandic et al. (2015). The transition from Phase 3
to the lower Viviparus beds is accompanied by a considerable decline
in species richness (from 221 to 42 species).While species replacement
is comparable to within-Pannonian turnover rates, family composition
changes fundamentally (Table 3). The typical Pannonian fauna, with
abundant Hydrobiidae, Melanopsidae, Planorbidae and Lymnaeidae, is
substituted by a melanopsid-viviparid-hydrobiid dominated fauna in
the lower Viviparus beds, with less abundant Planorbidae and absent
Lymnaeidae. This discrepancy implies different ecological settings and
indicates a strong environmental turnover at the end of the Pannonian.
The extraordinary radiation among the Viviparidae, along with the di-
versiﬁcation of unionid bivalves as reported by Neumayr and Paul
(1875), is a hint toward freshening of the environment. The low abun-
dance of lymnaeids and planorbids, which are today characteristic of
standing or slowly running water bodies, and the frequency of typically
riverine genera such as Theodoxus and Lithoglyphus (e.g., Dillon, 2000;
Glöer, 2002; Welter-Schultes, 2012), indicate at least marginal ﬂuvial
inﬂux. These major differences clearly distinguish the lower Viviparus
beds from its brackish predecessor Lake Pannon and support an envi-
ronmental and terminological separation. Following Harzhauser and
Mandic (2008) and Mandic et al. (2015), we recommend terming the
depositional environment of the Viviparus beds Lake Slavonia.
5. Conclusion
With its exceptionally rich gastropod fauna, Lake Pannon harbored
Europe's biggest lacustrine hotspot. As such, it forms an important
model system for studying biodiversity and its changes in long-lived la-
custrine environments, with strong implications on modern counter-
parts. However, the extremely high species numbers for the Lake
Pannon gastropod fauna given in the literature usually summarize the
entire inventory over its full duration of even million years and do
not reﬂect coexisting diversity. Environmental changes go along with
marked faunal alterations, contrasting simple species accumulation as
suggested by the overall numbers. Species richness coevally present
per phase is largely explained by lake size, conﬁrming the island charac-
ter of long-lived lake faunas. Declining species richness over time
parallels a diminishing lake size. Shifting local diversity hotspots within
the lake correspond to the changing shoreline as produced by progra-
ding rivers, such as the paleo-Danube. As largely herbivorous grazers
and predominantly shallow-water inhabitants (with exceptions), the
gastropods traced the moving shelf margins and vegetation belts
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strong spatial community variation is likely related to high habitat di-
versity, as derived from the complex subaqueous topography and the
formation of extensive delta plains from large incoming river systems.
Especially the species' adaptation to changingwater depths (and related
parameters, e.g., oxygen availability) is considered as a primary cause
inducing spatial variation. Shell size and phylogenetic afﬁliation appar-
ently do not affect community variation. Future studies should aim for
combined distribution data of gastropods and bivalves as well as higher
stratigraphic resolution to improve our insights on the Lake Pannon
mollusk fauna and its alterations through time.
Finally, the marked faunal differences between the faunas of the
upper Pannonian deposits and the following lower Viviparus beds indi-
cate amassive environmental turnover at the transition. Brackish-water
elements were replaced by typical freshwater taxa, suggesting a strong
inﬂuence from incoming rivers. Together with latest stratigraphic data,
demonstrating an increase of the lake area after the Pannonian mini-
mum, we reject former considerations that both stages belong to the
same environment. At c. 4.5 Ma the fully brackish Lake Pannon was re-
placed by the freshwater Lake Slavonia in the southern Pannonian
Basin.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2015.11.016.
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